We propose a design for a high-efficiency backlight module that does not require a brightness enhancement film (BEF). With the high-efficiency backlight module it is possible to achieve almost the same half-luminance angle as a conventional edge-lit backlight module can achieve. The backlight system is comprised of a crisscross light guide plate (LGP) and one diffuser sheet. The crisscross LGP is composed of a LGP and optically patterned film (OPF). The backlight module allows light to be extracted through the direct guiding mode and top guiding mode, respectively. We controlled arrangement of the microstructures to increase the optical efficiency and the uniformity by two modes. Compared to the conventional edge-lit backlight module, there is a two-fold improvement in both the total optical efficiency and on-axis luminance with the high-efficiency backlight module.
Introduction
The LED recently has become the main light source used in backlight modules because it offers lowpower dissipation, high robustness, a small form factor, and good efficiency [1, 2] . For these reasons, LED backlight module design has progressed rapidly. However, there is a loss of the light energy of approximately 49% from the light source to the backside of the LCD, which means the optical efficiency of the backlight module is very low [3] . The energy loss of the backlight module can be determined by taking into account the absorption of the materials, plus the light scattering and consumption of the optical film [4] . In a conventional edge-lit backlight module, two brightness enhancement films (BEFs) must be used to enhance the brightness of the backlight module segments are needed, however, and alignment problems can exist when the LGP is designed based on flow-line theory.
In this study, the backlight system under consideration is comprised of a crisscross LGP and one diffuser sheet. The crisscross LGP is composed of an LGP and optically patterned film (OPF). The OPF is in direct contact with the LGP, secured by a photo-curable adhesive, so that light rays can propagate directly through the optical window [11, 12] . The LGP's upper surface is patterned with prism-shaped microstructures. The top and bottom surface of the OPF also are both patterned with microstructures. The light is collimated in the horizontal direction by the top microstructures of the OPF while the bottom microstructures ensure collimation of the rays in the vertical direction. Thus, the OPF replaces the function of the crossed BEFs. A crisscross LGP with simple prism microstructures is designed and simulated using the LightTools software. The tolerance for the round angle of the prism microstructures manufactured by the injection process is analyzed. Not only does this design achieve an optical efficiency of 64.7%, but an illumination uniformity of 91.4% also is obtained using the nine-point measuring method [13] . Tolerance analysis also is completed.
Working Principles of the Crisscross Light Guide Plate

A. Two-mode Light Extraction
When compared to the conventional edge-lit model, there is an enhancement of optical efficiency, as Fig. 1(a) shows. The conventional edge-lit backlight module comprises a reflector, a wedge-shaped LGP, a bottom diffuser, two BEFs, and a top diffuser [14] [15] [16] [17] . The structure of the crisscross LGP with the LGP and OPF is shown in Fig. 1(b) . One can see the prism microstructures on top of the LGP and the trapezoidal and prism microstructures on the top and bottom of the OPF. The trapezoidal microstructures are in contact with the bottom of the LGP, while the bottom of the OPF is coated with silver.
There are two modes for light extraction, direct guiding and top guiding, as shown in Fig. 1(c) . In the direct guiding mode, the light encounters the interface between the bottom of the LGP and trapezoidal microstructures of the OPF. The light passes directly through the trapezoidal microstructures to be reflected by the prisms on the bottom of the OPF. The density of the bottom prism microstructures can be adjusted to obtain uniform illumination. In the top guiding mode, light that does not hit the trapezoidal microstructures is guided by total internal reflection within the LGP. The light is deflected by the top prism microstructures. The light propagates through the air to the OPF, where it will be reflected by the bottom prism microstructures. The density of the top prism microstructures also can be adjusted to obtain uniform illumination. Since the slanted angle of the top prism microstructures is designed by only one degree, the direct guiding mode is almost unaffected by the top prism microstructures. The uniformity of the illumination for the crisscross LGP can be adjusted by changing the density of the prism-shaped microstructures at the bottom and the top. In other words, the design of the microstructures on the LGP and OPT can improve the light extraction efficiency, reducing the trapped light by the crisscross LGP. Using this approach, we can improve both the optical efficiency and illumination uniformity. The crisscross LGP includes the prism-shaped microstructures on the top, trapezoidal microstructures and bottom prism microstructures. A previous study showed how to ensure the collimation of light in the vertical dimension by the design of the bottom prism microstructures [18] . Pan et al. used a hybrid LGP for collimation of light in the vertical dimension [19] . In this study, the light can also be collimated in the horizontal dimension by the trapezoidal microstructures at the middle of the crisscross LGP, as shown in Fig. 2(a) . Because the LGP and OPF are both fabricated from Polymethylmethacrylate (PMMA), it can be assumed they have the same refractive index and the étendue principle can be used for analysis [20] .
According to this principle, the étendue is conserved as a cross-sectional area multiplied by the solid angle it subtends [21] . The top cross-sectional area of the microstructures is smaller than the bottom cross-sectional area. As a result, the solid angle Ω 2 is smaller than the solid angle Ω 1 as indicated by the green arrows in Fig. 2(a) . When the light is reflected back to the microstructures, as shown by the red arrows in Fig. 2(a) , the angle at which it hits them again means that the light cannot achieve the collimation effect. Therefore, the slanted angle of the microstructures must be designed to avoid the light hitting them twice, as shown by the blue arrows in Fig. 2(a) . If the incident angle is less than the critical angle, the incident light will penetrate the microstructures. The light path is too complex to calculate. For this reason, we use the critical angle to analyze collimation in the horizontal dimension. Based on the edge-ray principle, the edge ray at the critical angle φ enters the microstructures to be affected by total internal reflection [22] . The edge ray can exit successfully after it is reflected back. In other words, all incident light at the critical angle can be collimated in the horizontal dimension. In this design (blue arrows), the crisscross LGP is used to achieve the maximum optical efficiency.
When the light at the critical angle hits the highest position H on the microstructures, it will propagate through the bottom of the OPF. The light will then be reflected by the bottom of the OPF, which is coated with silver. Figure 2 (b) shows a schematic representation. The relationship can be described as follows:
(1)
In this design, the bottom areas of the microstructures are twice as large as the top areas. The angle of the light can be described as follows:
Based on Snell's law, the angle φ can be derived from Eq. (4), such that the angle θ will be calculated as in Eq. (8):
The angle θ of the microstructures that will allow collimation of the light in the horizontal dimension can be determined from Eq. (8).
Optical Design and Simulation
A. High Uniformity and Improvement in Optical Efficiency by Two Guiding Modes
The high-efficiency backlight module is simulated using the LightTools software. In this model, 18 LEDs (Nichia NxSW155) are located around the edge of the LGP. A diffuser is added above the crisscross LGP to reduce the flaws. The size of the crisscross LGP is 10.1 inches (16∶9). Table 1 shows the details about its thickness, materials, and the angle of the microstructures. Table 2 shows the exact sizes of the three kinds of microstructures.
In the direct guiding mode, illumination uniformity can be controlled by adjusting the density of the bottom prism microstructures, as shown in Fig. 3(a) . The optical efficiency and illumination uniformity are obtained using LightTools. The illumination uniformity and optical efficiency of the backlight module are 85.3% and 57.9%, respectively. The prism microstructures are subsequently added to the top surface of the LGP, as shown in Fig. 3(b) . In the top guiding mode, the density of the top prism microstructures can be adjusted to improve the illumination uniformity and optical efficiency.
The relationship between the x-directional position x and cover ratio α is shown in Fig. 3(c) . The area of microstructures B can be calculated by Eq. (9), where Wx is the distribution function of the microstructures and L is the length of the microstructures. The cover ratio of the bottom prism microstructures can be evaluated by Eq. (10), where W bottom x is the distribution function of the bottom prism microstructures and A is the area of the crisscross LGP. 
The cover ratio of the top prism microstructures also can be derived by using Eq. (11), where 
The optical efficiency and illumination uniformity in the direct guiding mode and top guiding mode can both be increased by optimizing the density of the prism microstructures. The relationship between efficiency and uniformity is shown in Fig. 3(d) . The uniformity of the backlight module is increased to 91.4% and the efficiency is increased to 64.7%.
B. Relationship between the Optical Efficiency, Normalized On-axis Luminance and Density of the Trapezoidal Microstructures
The arrangement of the trapezoidal microstructures is periodical. Figure 4(a) shows the density of the trapezoidal microstructures as defined by Eq. (12), where density is represented by ρ, N is the number of trapezoidal microstructures and W is the width of the LGP. We can obtain the relationship between the optical efficiency, normalized on-axis luminance and density of the trapezoidal microstructures, as shown in Fig. 4(b) . The normalized on-axis luminance is obtained from the on-axis luminance of the highefficiency backlight module divided by the on-axis luminance of the conventional edge-lit backlight module:
When the density of the trapezoidal microstructures is 0, the normalized on-axis luminance is 0.005. Because the light cannot enter the OPF, most of the light cannot be collimated. By increasing the density of the trapezoidal microstructures, more light can enter the OPF, leading to an increase in the normalized on-axis luminance and optical efficiency.
For maximum optical efficiency, the density of the trapezoidal microstructures in our design is 12.5. Figure 5 shows the relationship between the measured data and simulated data for the conventional edge-lit backlight module. In the measured data, the half-luminance angle is 20.5 deg while in the simulated data, the half-luminance angle is 22.5 deg. The results show that the measured data are similar to the simulated data for the conventional edge-lit backlight module, an indication of the reliability of the LightTools simulation.
C. Experimental Results and Loss Analysis
In the simulation, loss analysis is more convenient than with real-world measurements. For loss analysis of the conventional edge-lit backlight module, we set five receivers on the top of the optical components and four edge leakage receivers surround the backlight module. The five receivers in different locations detect how much luminous flux can escape from the top of the optical components, as shown in Fig. 6(a) . The four edge leakage receivers indicate the light leakage from the edge of the backlight module. For loss analysis of the high-efficiency backlight module, there are two receivers, one on top of the crisscross LGP and one on the diffuser, as shown in Fig. 6(b) . There also are four edge leakage receivers surrounding the highefficiency backlight module. Energy loss for the backlight module can be defined as in Eq. (13), where γ is the ratio of the energy loss of optical components. For the backlight module, α is the optical energy of the light emitting sources, the optical energy of four edge leakage receivers is represented by β and the optical energy of receiver 5 is represented by η: The results of the optical simulation for the two backlight modules are shown in Fig. 6(c) . Here, γ is 36.59% for the conventional edge-lit backlight module while for the high-efficiency backlight module, γ is 31.27%. The simulation results show the total energy at the four edge leakage receivers and energy loss of the optical components to be higher in the conventional edge-lit backlight module than in the high-efficiency backlight module. In the conventional edge-lit backlight module, these results indicate that the additional optical components, such as BEFs or diffusers, not only lead to energy loss, but also increase the leakage of light at the edge of the backlight module. However, in the highefficiency backlight module, the crisscross LGP and diffuser replace the conventional edge-lit backlight module to reduce the number of optical components. Moreover, more light can reach receiver 5, meaning that the total system efficiency can be increased, as shown in Fig. 6(c) .
D. Comparison between the High-efficiency and Conventional Edge-lit Backlight Module
Figures 7 and 8 show three-dimensional (3D) intensity charts for the conventional edge-lit backlight module and high-efficiency backlight module, respectively. The half-luminance angles of the conventional edge-lit backlight module and high-efficiency backlight module are 40 and 44 deg in the vertical direction, and 42 and 36 deg in the horizontal direction, respectively. These results demonstrate that the half-luminance angle is almost the same for both modules.
Since they contain no prism sheets, the energy loss of the high-efficiency backlight module is lower than for the conventional edge-lit backlight module. There is a twofold increase in the optical efficiency for the high-efficiency backlight module, as shown in Fig. 9 . In the simulation, the luminance is normalized by the on-axis luminance of the conventional backlight module. With the increase in the optical efficiency, the on-axis luminance doubles.
The results for the dependence of the luminance and the off-axis angle are plotted in Fig. 10 . Compared with the conventional edge-lit backlight module, there is a twofold increase in the on-axis luminance of the high-efficiency backlight module. The FWHM of the high-efficiency backlight module is almost the same as that of the conventional edge-lit backlight module.
Tolerance Analysis
A. Contraposition Problem
The illumination uniformity of the high-efficiency backlight module can be controlled by the design of the top and bottom prism microstructures. However, a contraposition problem may occur due to the manufacturing alignment process, which will cause differences between the product and our design. Furthermore, this problem will affect the illumination uniformity. Thus, we must analyze the impact of the alignment of the microstructures on the resultant uniformity. In Fig. 11(a) , the placement of microstructures is analyzed by separately shifting the top prism microstructures, the bottom prism microstructures and the trapezoidal microstructures. The placement of microstructures from −5 mm to 5 mm is simulated and variations in the illumination uniformity is observed. Figure 11(b) shows the placement of microstructures and illumination uniformity under the nine-point measuring method. The maximum illumination uniformity is obtained at x at 0 mm. The variation of uniformity is slight for different placements of the microstructures; therefore we can say that the tolerance of the three-layer alignment is high. The illumination uniformity remains above 75% for the various placements of the microstructures from −5 mm to 5 mm. The placement of the trapezoidal microstructures produces the slightest variation of illumination uniformity among the three kinds of microstructures, because the arrangement is perpendicular to that of the top prism microstructures and bottom prism microstructures.
B. Round Angle of the Prism Microstructures
In past studies, the draft angle of the bottom of the prism microstructures did not influence the performance of the backlight module [18] . Since our design used the same way to collimate the light in the vertical direction, it was unnecessary to analyze the tolerance for the draft angle of the bottom prism microstructures.
Considering that the LGP is designed based on flow-line theory, the round angle of the bottom microstructures can have a serious effect on the optical efficiency of the backlight module. In our design, the crisscross LGP has two guiding modes, based on the top prism microstructures of the LGP and the bottom prism microstructures of the OPF. The slanted angle of the LGP's top prism microstructures is designed by one degree, so the optical efficiency of the crisscross LGP will not be affected much by the round angle of the top prism microstructures. Thus, we analyzed the round angles of the bottom prism microstructures. There is not much variation in the optical efficiency as the round angle of the bottom prism microstructures is increased, but there is a slight decrease in the on-axis luminance. Figure 12 shows the relationship between them. These results mean that the effect on the optical efficiency for this range of round angle is minimal.
Conclusion
In summary, we have presented a high-efficiency backlight module with a crisscross LGP and diffuser. Using this approach, we can increase both the optical efficiency and the on-axis luminance up to two times. In the vertical direction, the half-luminance angles of the conventional edge-lit backlight module and highefficiency backlight module are 40 and 44 deg; while in the horizontal direction they are 42 and 36 deg, respectively. The light field of the backlight module shows that two-dimensional collimation can be achieved by designing the slanted angles of the bottom prism microstructures and trapezoidal microstructures. Compared to the backlight module designed based on the flow-line method, the highefficiency backlight module is simpler to implement and could also be used to reduce energy loss and the carbon footprint.
